Thaxtomins are unique 4 nitroindol 3 yl containing dioxopiperazines that cause dramatic plant cell hypertrophy and seedling stunting. This family of phytotoxins is produced by Streptomyces species that cause diseases of root and tuber crops; its members are essential for pathogenicity. The symptoms produced by thaxtomin A suggest several potential plant cell targets including the plasma membrane, various components of the cytoskeleton and the cell wall. Dramatic increases in cell volume in onion seedling hypocotyls, radish seedling hypocotyls and tobacco suspension cultures, in response to 0 . 05 1 . 0 µM thaxtomin A, suggested that this phytotoxin is interacting with one or more conserved plant cell targets. Onion root tip cells treated with thaxtomin A concentrations at or below that which inhibited onion root growth were binucleate or had abnormal cell plates. Thaxtomin A (1 . 0 3 . 0 µM) inhibited normal cell elongation of tobacco protoplasts in a manner that suggested an efect on primary cell wall development. In summary, these data suggest that thaxtomin A alters, either directly or indirectly, the deposition or composition of monocot and dicot plant cell walls in ways that afect the wall integrity and the ability of the cell to progress normally through cytokinesis.
INTRODUCTION
Pathogenicity is an unusual phenotype among actinomy cetes; only several of the hundreds of Streptomyces species cause diseases of root and tuber crops. Symptoms include necrosis and raised or pitted lesions on expanding host tissue. A breakthrough in the understanding of plant pathogenicity among Streptomyces species came with the discovery that Streptomyces scabies, a cause of potato scab, produces unique 4 nitroindol 3 yl containing dioxopiper azines phytotoxins, called thaxtomins [11] . Thaxtomins are produced only by plant pathogenic species [10, 14] , cause cell hypertrophy and necrosis on expanding host tissue in a concentration dependent manner [15] and are present in potato tuber tissue infected by S. scabies [12] . Thaxtomin A is the predominant phytotoxin produced by S. scabies, although minor amounts of other members of the thaxtomin family have been isolated and characterized from culture [8, 9, 11, 12] . Similarities in the symptoms produced by thaxtomins and the patho gens that produce them suggest that these compounds are intimately involved in disease development. In fact, Abbreviations used in text: IAA, indole 3 acetic acid; MS, Murashige and Skoog; OMB, oatmeal broth. recent research [6] demonstrates that thaxtomin A is essential for pathogenicity in Streptomyces acidiscabies.
Thaxtomin A also causes stunting and dramatic cell hypertrophy on both monocot and dicot seedlings [13] , suggesting that this toxin has a conserved target in plant cells. The authors' long term goal is to identify the thaxtomin A target in plant cells. The symptoms produced by thaxtomin A suggest several potential plant cell targets. Root growth inhibition indicates that thaxtomin A could be a mitotic inhibitor. Dramatic cell hypertrophy suggests that the toxin might be interacting with microtubules, actin or other components of the cytoskeleton. Alternatively, thaxtomin A may be afect ing the function of the plasma membrane, resulting in acidifcation and subsequent loosening of the cell wall, as occurs with both the phytotoxin fusicoccin, and the phytohormone indole 3 acetic acid (IAA). The objectives of this research were to evaluate and compare the growth responses of monocot and dicot seedlings at micromolar concentrations. The efects of thaxtomin A on plant cell mitosis, microtubules, actin, and plasma membrane function, using several plant cell systems, were also investigated. Data presented here suggest that the thaxtomin A target resides in the cell wall.
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MATERIALS AND METHODS

Thaxtomin A purifcation
Methods used to produce and purify thaxtomin A have been described previously [11, 13] . In brief, S. scabies strain 87 22 was grown in oatmeal broth (OMB) culture for 4 days at 28°C and cultures were fltered to remove mycelium. The fltrate was extracted with chloroform and evaporated to dryness, then taken up in methanol. The methanol solution was subjected to reverse phase thin layer chromatography and the yellow band that comi grated with the thaxtomin A standard was scraped of and eluted with methanol. Thaxtomin A was further purifed by passing the methanol solution through a Sep Pac Plus C18 cartridge (Waters Chromatography Div., Milford, MA, U.S.A.) before drying and weighing. Stock solutions (1 . 0 mM in methanol) of thaxtomin A were used in seedling growth assays.
Monocot and dicot seedling assays
Efects of submicromolar concentrations of thaxtomin A on onion (Allium cepa L. sp.cv. White Sweet Spanish) and radish (Raphanus sativus L. cv. Champion) seedling growth and cell morphology were evaluated in a 6 day growth assay. Surface disinfested seeds were either placed in culture tubes containing amended medium or pregermi nated and selected when the radicle was 1-2 mm and just emerging from the seed coat. Culture tubes (14 cm) contained 2 ml of 0 . 5 % gelrite amended with thaxtomin A at concentrations of 0 . 0, 0 . 05, 0 . 1 and 0 . 5 µM. Five seedlings per treatment were grown at room temperature under fuorescent lighting (12 h per day for 6 days) and data were taken on total seedling length and radial expansion. To observe cell morphology, cross sections were made of the shoot just distal to the union of the shoot and root. Plant tissue was embedded in 0 . 25 % low melting point agarose and 130 µM sections were taken using a Lancer Vibratome Series 1000 Sectioning System (Ivan Sorvall, Inc., Norwalk, CT, U.S.A.). Sections were mounted immediately in water on microscope slides and photographed using bright feld optics.
Mitotic efects in onion root tip cells
In order to determine the appropriate time point at which to evaluate mitotic fgures in this system, seedling growth was measured during the frst 48 h after exposure to the toxin. Seeds were surface disinfested in a solution of 0 . 26 % NaOCl for 3 min, rinsed twice in sterile, distilled water and germinated on sterile, moist flter paper. Ten seedlings with radicles 0 . 6-1 . 0 cm long were selected and placed in 12 well culture plates containing cotton saturated with 600 µl of treatment solutions (0 . 0, 2 . 5, 5 . 0 and 10 . 0 µM thaxtomin A). Seedling growth was measured at 12, 24, 36 and 48 h to determine the time point at which thaxtomin A signifcantly reduced seedling length. Treatment solutions were replenished 24 h after initiation of the experiment. Based on results from the growth assay, onion seedlings were exposed to thaxtomin A treatments (10 . 0, 5 . 0, 2 . 5 and 0 . 0 µM) for 24 h before evaluation of mitotic activity. The mitotic disrupter oryzalin (Chem Services, West Chester, PA, U.S.A.) was included as a positive control, at a concentration of 50 µM. Treated seedlings were fxed for 1 h in Carnoy's solution (3 : 2 : 1 chloroform, absolute ethyl alcohol, glacial acetic acid). Following fxation, seedlings were digested with equal parts of 95 % ethyl alcohol and hydrochloric acid for 15 min and returned to the fxative for 2 min. The apical 1 mm of each root tip was excised and placed directly in a drop of acetic orcein staining solution (45 % glacial acetic acid, 55 % distilled water and 1 % orcein powder w/v) on a microscope slide. Root tips were crushed, covered with a cover slip and gently pressed to release and disperse cells. Slides were viewed with either bright feld or Nomarski optics to evaluate mitotic fgures. ). Cell volume was measured at the time thaxtomin A was added and after 13 . 5, 20 and 38 h. Cells were allowed to settle for 15 min in the side arms of Nephelo culture fasks (Bellco Glass Inc., Vineland, NJ, U.S.A.) and the height of settled cells was measured.
Nt-1 tobacco cells: culturing and growth assay
Microtubule efects in tobacco suspension cells
Visualization of microtubules by immunofuorescence and chromosomes by staining with DAPI was carried out according to the procedure of Hasezawa et al. [5] with these modifcations. Three day old, actively dividing, Nt 1 tobacco cell subcultures were treated with thaxto min A (0 . 1-5 . 0 µM) or oryzalin (5 . 0 µM) for 24 h. Cells were incubated with both primary and secondary antibodies for 45 min and subsequently with the pectinase, Macerozyme R 200 (Yakult Pharmaceutical, Tokyo, Japan). Antib� tubulin (Amersham Biosciences, Piscataway, NJ, U.S.A.) (1 : 100 dilution) was used as the primary antibody and (FITC) conjugated goat anti mouse IgG (Sigma) (1 : 100 dilution) as the secondary antibody. Fluorsave (Calbiochem, La Jolla, CA, U.S.A.) served as the mounting medium. FITC, AMAC, and DIC 63x oil immersion images were captured from a Zeiss Axioplan 2 universal microscope outftted with a sensicam digital camera.
Efects on actin function
The ability of thaxtomin A to inhibit actin function was evaluated by observing cytoplasmic streaming after treatment with the toxin. Sections (5 x 5 mm) of onion bulb scales were removed from mature white Sweet Spanish onions and foated in dH 2 O for 20 min. Sections were placed on a microscope slide in a drop of water, under a cover slip. Treatment solutions were applied by wicking solutions between the cover slip and the microscope slide. Thaxtomin A was used at 1 . 0 and 10 µM and efects were compared to the actin inhibitor cytochalasin D (Cal Biochem Nova Biochem, La Jolla, CA, U.S.A.), at the same concentrations, and to an untreated control.
Plasma and vacuolar membrane functions
Experiments were carried out to determine if thaxtomin A afected membrane function. Tobacco suspension cells were collected by fltration 3-4 days after subculture and placed in 5 ml MS medium (0 . 1 gm l -1 in 25 ml glass culture tubes). Cell suspensions were equilibrated on a platform shaker for 2 h at 150 rpm at 27°C. pH measurements were taken at 2 h intervals on replicate tubes after treating cells with thaxtomin A (0 . 1-1 . 0 µM), IAA (0 . 1 µM), or fusicoccin (10 . 0 µM) (Sigma). Tobacco suspension cells were collected by fltration 3-4 days after subculture and conductivity assays were performed on replicate tubes [4] . Conductivity readings were taken on a YSI Model 31 Conductivity Bridge (Y.S.I., Yellow Springs, OH, U.S.A.) every 2 h after treating cells with thaxtomin A (1 . 0-10 . 0 µM) or fusaric acid (1 . 0 mM) (Sigma).
Cell wall regeneration in tobacco protoplasts
Protoplasts were derived from 3 day old NT1 tobacco cell subcultures. Cellulase Onozuka R 10'' (1 . 5 % w/v), and macerozyme R 10 (0 . 75 % w/v) (Serva/Crescent Chemi cal Co., Islandia, NY, U.S.A.) were used for cell wall digestion. A solution of digestion enzymes was made up in 0 . 45 M mannitol, 5 . 0 mM 2 N morpholinoethanesulfonic acid ( pH 5 . 7), and 0 . 8 mg ml -1 BSA. The digest was flter sterilized and used either directly or frozen in aliquots. Cells were centrifuged at 1000 rpm for 3 min and approx. 1 ml of cell pellet was transferred to each 10 ml of digest solution. Digestion occurred at 30°C for 4 h with gentle swirling. When free foating protoplasts began to appear, the cell digest was fltered, which served to loosen restricted protoplasts and remove undigested cells. Protoplasts were centrifuged for 5 min at 500 rpm.
The protoplast pellet was washed with protoplast culture medium [MS basal salt mixture with minimal organics (Sigma M 6899) in 0 . 45 M glucose] three times, centrifu ging for 5 min at 500 rpm after each wash. The number of washed protoplasts was quantifed and the protoplast density adjusted to 5 x 10 5 in elongation medium ( protoplast culture medium plus 1 mg l -1 6 benzylami nopurine and 0 . 1 mg l -1 a napthalene acetic acid). Protoplast cultures were transferred into tissue culture plates (1 ml per well) and treated with thaxtomin A (0 . 0-3 . 0 µM). On day 10, the morphology of 150 proto plasts per treatment was evaluated.
RESULTS
Onion and radish seedling growth and cell morphology
After 6 days, growth of both onion and radish seedlings was reduced by thaxtomin A: the growth of onion seedlings was signifcantly (r = 0 . 05) reduced at concentrations as low as 0 . 05 µM [ Fig. 1(a) ] and radish seedling growth was reduced at concentrations as low as 0 . 5 µM [ Fig. 1(b) ]. Growth of seedlings was inversely proportional to the toxin concentration for both species. Both onion and radish exhibited radial swelling at concentrations that caused growth inhibition; cross sections show that the radial swelling was the result of dramatic cell hypertrophy (Fig. 2) . Cell number did not difer from untreated seedlings in either radish or onion (data not presented).
Mitosis in onion root tip cells
Thaxtomin A signifcantly (r = 0 . 05) reduced the growth of onion seedlings within 24 h after treatment at concen trations as low as 5 . 0 µM (Fig. 3) . Aberrant mitotic fgures, primarily binucleate cells, were frequent in onion root tip cells treated with thaxtomin A for 24 h at both 2 . 5 and 5 . 0 µM (Table 1) . Normal mitotic fgures were reduced in frequency in thaxtomin A treated cells, relative to untreated cells, but the total number of cells in mitosis was similar. Abnormal mitotic fgures were not present in untreated cells. Oryzalin disrupted mitosis as expected; normal mitotic fgures beyond prome taphase ( prometaphase arrest) were absent (data not presented). In contrast to cells treated with thaxtomin A, there was an increase in the mitotic index in the oryzalin treatment.
In quantifying mitotic fgures, it became apparent that although many cells were binucleate [ Fig. 4(a) ], other cells, apparently unable to complete cytokinesis, had formed cell plates that were abnormal. In some cells, plates were crooked or incomplete. In other cells, the orientation of the cell plate was parallel, instead of perpendicular, to the polarity of cell expansion [ Fig. 4(b) ]. Nuclei of expanded cells were often asymmetrically located near the plasma membrane [ Fig. 4(c) ].
Tobacco cell cultures: cell volume and microtubule arrays
Thaxtomin A caused an increase in tobacco settled cell volume within 13 . 5 h after treatment at 0 . 5, 1 . 0 and 5 . 0 µM (Fig. 5) . Increases in settled cell volume coincided with hypertrophy of cells. The volume of some cells in a cluster increased dramatically, while others retained normal cell morphology (Fig. 6 ). Both cell hypertrophy and necrosis increased with increasing thaxtomin A concentrations and exposure times (data not presented). Cells treated with oryzalin (5 . 0 µM), an inhibitor of microtubule synthesis, were larger than untreated cells, but smaller than those treated with thaxtomin A. Unlike thaxtomin A treated cells, oryzalin treated cells were uni form in size. After 24 h exposure to 0 . 5-1 . 0 µM thaxtomin A, tobacco cells had normal cortical and mitotic micro tubule arrays. Cells treated with oryzalin, an inhibitor of microtubule synthesis, were in prometaphase arrest and lacked cortical microtubules (data not presented).
Actin function
Thaxtomin A at concentrations of 1 . 0-10 . 0 µM did not afect cytoplasmic streaming in onion scale cells; treated during the same time period dropped from pH 5·05 to 4·23. Both IAA (17) and fusicoccin (16] are known to stimulate proton pumping. Similarly, thaxtomin A did not have a measurable effect on the loss of electrolytes from tobacco cell cultures. Thaxtomin A ( l · 0-10·0 µM) No treatment* 18·0 ± O·O 6·5 ± 0·7 13·0 ± O·O 17·5±4·9 7·0 ± 4·2 O·O ± O·O O·O ± O·O 62·0 ± 9·9
No. of cells showing mitotic figures
Thaxtomin A (2·5 µM)* Thaxtomin A (5·0 µM)** 6·5 ± 0·7 4.3 ± 3.5 3·5 ± 0·7 2-7 ± 1·5 2·0± H 2·0± 1·7 6·0 ± O·O 5·3 ± 4-0 2·0 ± 2·8 2·0 ± 2·1 34·5±8·1 37·3 ± 6·4 1·5±0·7 3.7 ± ].5 56·0 ± 4·2 55·3 ± 12·2 treated cells showed no change in conductivity while cell cultures treated with fusaric acid (I µ1v1) increased in conductivity from 395 to 470 µMHOS during a 3 h period. Fusaric acid is known to affect plasma mem brane integrity (2) .
Cell wall regenerati on
After I 0 days in cell elongation medium, cultures contained four cell types: elongated, spherical, irregular and dividing (Fig. 7) . While 72 % of control cells thaxtomin A remained spherical (Fig. 8) . Lower thaxto min A concentrations gave rise to both elongated and spherical morphologies as well as many irregularly shaped cells. At 1-3 µM thaxtomin A, a cell bulging phenotype was observed. Although the cytokinen to auxin ratio was chosen to stimulate cell elongation, I 0 % of untreated protoplasts were dividing at IO days. In contrast, less than I % of cells treated with thaxtomin A were dividing. � 7 Thaxtomin A: evidence for a plant cell wall target DISCUSSION Dramatic increases in cell volume in onion seedling hypocotyls, radish seedling hypocotyls and tobacco suspension cultures, in response to 0 . 05-1 . 0 µM thaxto min A, support the hypothesis that this phytotoxin is interacting with one or more conserved plant cell targets. In the tobacco cell culture system, sensitivity of cells to thaxtomin A, as evidenced by an increase in cell volume, appeared to be linked to the cell cycle. Dramatic balloon like hypertrophy frst occurred at 13 . 5 h after exposure to thaxtomin A (1 . 0 µM) and the proportion of hypertrophied cells in the unsynchronized cell cultures increased consistently up to 26 h (Fig. 5) . These data suggest that either the target for thaxtomin A is available during some portion of the cell cycle or that the target is present throughout the cell cycle but that dramatic changes in cell volume only occur in cells that are already expanding at the time of exposure to the toxin.
Several experimental results support the hypothesis that the plant cell wall is a direct or indirect target for thaxtomin A. Cell wall regeneration experiments suggest that thaxtomin A is afecting the composition of the cell wall or the pattern of its deposition. Cell elongation, which depends on microtubule and microfbril guided cell wall development [3] , was inhibited by thaxtomin A. Irregularly shaped cells and ballooning of portions of the cell at all thaxtomin A concentrations are also consistent with abnormal wall deposition. Thaxtomin A (2 . 5 µM) did not completely inhibit the synthesis of cellulose in tobacco protoplasts, based on calcofuor staining (data not presented). It is possible that abnormal cellulose deposition at the time of normal cell expansion causes the increase in cell volume in thaxtomin A treated seedlings and tobacco suspension cells. The Arabidopsis thaliana rsw1 mutant, which is defective in its ability to produce crystalline cellulose, has a cell swelling phenotype [1] . The apparent resistance of tobacco protoplasts to thaxtomin A is consistent with this hypothesis.
Concentrations of thaxtomin A that caused a reduction in onion root growth also disrupted mitosis in onion root tips. These data suggest that thaxtomin A may be redu cing seedling growth by inhibiting mitosis. Thaxtomin A treated cells progressed normally through anaphase, indicating normal mitotic microtubule function, but not through cytokinesis. Efects on cytokinesis were not mediated by actin, as thaxtomin A had no efect on cytoplasmic streaming. However, abnormalities at cyto kinesis, including the occurrence of cell plate deformities in thaxtomin A treated meristematic cells, does support a cell wall target for thaxtomin A. The A. thaliana mutant, Korrigan, in which the endo 1,4 glucanase gene is disrupted has both a cell plate and a cell elongation phenotype [18] .
Although other phytotoxins target the plasma mem brane [7] , no evidence was found for the interaction of thaxtomin A with a membrane target. The toxin fusicoccin and the plant growth regulator IAA cause cell expansion by stimulating H + pumping in the plasma membrane which leads to cell wall acidifcation and loosening [16, 17] . No evidence of increased H + pumping was found in thaxtomin A treated cells within the time period that IAA or fusicoccin are afective. Similarly, the authors found no evidence of electrolyte leakage from thaxtomin A treated cells based on conductivity of cell cultures.
Data suggest that thaxtomin A may alter, either directly or indirectly, the deposition or composition of plant cell walls in ways that afect the wall integrity and the ability of cells to progress normally through cytokin esis. Comparison of thaxtomin A efects on monocot and dicot seedlings support a conserved cell target, such as the cell wall. It is tempting to speculate that the slightly greater sensitivity of onion to thaxtomin A, compared to radish, relates to diferences in cell wall composition between monocots and dicots. The mechanism by which thaxtomin A efects cell wall deposition is unknown, but appears to be unique. Thaxtomin A may provide a tool for molecular and genetic research on cell wall compo sition and deposition. Mutations in A. thaliana that confer decreased sensitivity to thaxtomin A are being mapped and cloned.
